Whole-genome transgenic RNAi libraries permit systematic genetic screens in individual tissues of Drosophila. However, there is a high incidence of nonspecific phenotypes because of off-target effects. To minimize such effects, it is essential to obtain a deeper understanding of the specificity of action of RNAi. Here, in vivo assays are used to determine the minimum, contiguous nucleotide pairing required between an siRNA and a target mRNA to generate a phenotype. We observe that as few as 16 nucleotides of contiguous homology are sufficient to attenuate gene activity. This finding provides an explanation for the high incidence of off-target effects observed in RNAibased genetic screens. Toward improving the efficacy of RNAiinduced phenotypes in vivo, we describe siRNA expression vectors that allow coexpression of one or more siRNAs with a fluorescent reporter gene in cultured cells or transgenic flies. This expression system makes use of the small intron from the ftz segmentation gene to provide efficient processing of synthetic siRNAs from a reporter transcript. These studies provide a foundation for the specific and effective use of gene silencing in transgenic Drosophila.
intron | miRNA | shRNA R NA interference (RNAi) is an effective method for inhibiting gene expression in various animal models and is currently being evaluated as a potential human therapeutic (1) . As such, it is essential to develop methods to minimize nonspecific phenotypes while maximizing the efficiency of selective gene silencing in whole animals.
A number of recent studies have investigated off-target silencing by small interfering RNAs (siRNAs) in cultured cell lines, but it is unclear whether the critical parameters also apply to transgenic animals (2-6). For example, it has been estimated that up to 25% of all double-stranded RNAs (dsRNAs) generated by two widely used transgenic RNAi libraries induce off-target phenotypes in Drosophila (7, 8) . However, the basis for such nonspecific effects is not known. To investigate this issue, we have developed Drosophila cell culture and transgenic animal assays to determine the minimal base pairing required between an siRNA and target mRNA for effective attenuation of gene activity. This study takes advantage of several attributes of Drosophila: (i) a well-annotated genome, (ii) a robust RNAi response, and (iii) a targeted genome-integration system that allows the introduction of siRNA-expressing transgenes into defined positions of the genome, thereby minimizing position effects (9, 10) .
To determine the minimal base pairing required for RNAi in vivo, we expressed modified siRNAs that retain a central core of shared nucleotides between the siRNA and target mRNAs based on previous in vitro assays (11, 12) . As few as 16 contiguous nucleotides are sufficient to induce a significant reduction of endogenous dpp+ gene activity in transgenic flies.
To improve the analysis of tissue-specific phenotypes, we also describe a Drosophila siRNA expression vector that exploits the intron-mediated expression of many natural microRNAs (miRNAs) (13) . Expression of artificial miRNAs (shmiRs) from a modified ftz intron fused to a fluorescent reporter gene accurately marks only those cells producing active RNAi. This intron enhances reporter gene expression ≥50-fold compared with an intron-less reporter in a Drosophila cell-culture system. Surprisingly, this enhanced expression is further amplified on insertion of one or more shmiRs within the ftz intron. Thus, there seems to be a connection between the splicing machinery, miRNA processing, and stabilization of gene expression. Together, these studies provide essential information for specific and effective silencing of gene activity in transgenic Drosophila.
Results
Sequence-Specific Requirements for RNAi-Induced Gene Silencing.
Recent studies suggest that ≥19 bp of sequence homology between dsRNAs and target mRNAs is required for gene silencing in Drosophila cell culture (reviewed in ref. 14) . However, in vitro assays indicate robust RNAi activity with considerably fewer nucleotides of base pairing (11) . To address this disparity and begin identifying the minimal sequence requirements for RNAi in vivo, we developed an RNAi specificity assay for Drosophila cell culture and transgenic tissues.
A previously characterized artificial miRNA-based expression system (shmiR) was used to express defined siRNAs in cultured Drosophila S2 cells and transgenic flies (15) . siRNAs were expressed using a modified Drosophila pre-miR-1 stem loop that facilitates cloning and expression of defined ∼21-nt RNAs, which engage both the miRNA and RNAi pathways. This pre-miR-1 expression cassette was used to examine the specificity of RNAi in Drosophila.
siRNAs containing an increasing number of mismatches with the firefly luciferase mRNA coding region were coexpressed along with firefly and Renilla luciferase in S2 cells. siRNAs with up to four mismatches (17 total bps) at the 3′ terminus completely silenced (≥90% knockdown) the target gene, and five 3′ mismatches (16 total bps) induced ∼75% attenuation of luciferase activity in conditions of shmiR excess (8:1 shmiR to target plasmid) (Fig. 1 ). Whereas siRNAs with up to four 3′ mismatches retained full efficiency in target excess conditions (8:1 target to shmiR plasmids), the siRNA with five mismatches induced less than 50% silencing of reporter activity (Fig. S2) . These results are consistent with previous in vitro assays using Drosophila cell-free extracts, which documented a significant decrease in RNAi cleavage rates when comparing siRNAs with four and five 3′ mismatches (11). However, there was a dramatic reduction in silencing activity when a separate shmiR directed against a different region of the luciferase mRNA contained more than three 3′ mismatches (18 total bps) (Figs. S2 and S3). Thus, the exact sequences of siRNAs or target mRNAs can influence the amount of base pairing required for efficient silencing.
Previous biochemical studies suggested that pairing of the 5′-most nucleotide of a siRNA is not essential for silencing (11, 16) . To investigate this issue, we expressed luciferase-specific siRNAs harboring a single 5′ mismatch with or without 3′ mismatches. As predicted, mismatching the 5′ terminal nucleotide did not reduce silencing efficiency with or without mismatches at the 3′ terminus (Fig. 1) . Thus, siRNAs with as few as 15 contiguous alignments (positions 2-16) can induce measurable inhibition of a reporter gene under saturating conditions.
To extend this analysis to whole organisms, we examined the targeted silencing of dpp, which encodes a Bone Morphogenic Protein/Transforming Growth Factor β (BMP/TGFβ) signaling molecule that is required for patterning of the Drosophila wing (17) . dpp siRNAs (perfectly paired or mismatched, as above) were selectively expressed in wing imaginal disks using the GAL4-UAS (Upstream Activation Sequence) expression system. shmiRs or dsRNAs directed against the dpp mRNA cause dose-dependent wing phenotypes, which provide accurate measurements of reduced levels of dpp gene activity (15) . The ϕC31-based targeted integration system was used to introduce a single copy of various siRNA expression vectors into a specific site with the genome: 86Fb on chromosome 3 (10) . Targeted integration of these transgenes reduces potential position effects and allows for generally comparable expression of different siRNA variants. In addition, an X-linked driver line (A9-GAL4) enables efficient expression of UAS-responsive transgenes throughout the developing wing tissue (18) . Because of dosage compensation of Xlinked genes, males express transgenes at higher levels than females. Therefore, a comparison of phenotypes obtained in males and females using the A9-GAL4 driver permits the assessment of dose-dependent responses to the different dpp shmiRs (15) .
As shown previously, expression of a shmiR with full complementarity to the dpp mRNA caused a severe mutant phenotype in both males and females, as evidenced by the marked reductions in wing size and the absence of wing venation (15) (Fig. 2) . The dpp mutant phenotypes obtained with this shmiR were more severe than those produced with a dsRNA inserted into a separate, highly expressive genomic location (8) . Moreover, as many as four 3′ mismatches between the siRNA and dpp mRNA (17 total bps) did not significantly diminish the efficacy of gene silencing, as judged by the wing mutant phenotypes. Although less efficient, an siRNA with a single 5′ and four 3′ mismatches (16 total bps) was able to induce mild dpp phenotypes in both males and females. In contrast, no phenotype was observed when five mismatches were created at the siRNA 3′ terminus. To ensure that this effect was caused by loss of intrinsic silencing activity and not differences in shmiR processing, expression of the different dpp siRNAs was confirmed by Northern assays (Fig. S4) . Overall, mismatched siRNAs are somewhat less efficient than the fully complementary siRNAs, but higher levels of the mismatched siRNAs can compensate for this reduced efficiency. These results contradict prior claims that siRNAs require at least 19 nts of pairing to induce sequence-specific gene silencing in vivo (5) (6) (7) (8) .
Efficient Induction of RNAi Through Intron-Mediated shmiR Expression. A drawback to the available transgenic Drosophila RNAi libraries is their inability to mark those cells that selectively express siRNAs. This effectively restricts the interpretation of RNAiinduced phenotypes in complex tissues, because it is unclear which cells lack target gene expression. Here, we have adopted several advances in vertebrate small RNA expression systems to circumvent this limitation by expressing shmiRs and a reporter gene from the same transcript (19, 20) .
To visualize expression of defined shmiRs in various cells and tissues, an intron-mediated expression system was developed (Fig. 3A) . This system takes advantage of the fact that miRNAs can be processed from an intron before splicing of the premRNA, allowing simultaneous shmiR expression and mature mRNA formation from a single transcriptional event (21) (22) (23) . To assess and optimize this system, we screened separate small introns from Drosophila using a conventional expression vector (pAct5c, which uses the fly actin5C promoter) for proper splicing and reporter gene expression in S2 cells (Fig. S5 ). From this screen, it was determined that the ftz intron, placed 5′ of the eGFP reporter gene, produced optimal levels of green fluorescence compared with an intron-less control. The ftz intron was, therefore, modified to include a central cloning site, which enables inclusion of defined shmiRs.
To investigate the ability of inserted shmiRs to be processed and expressed from the ftz intron, a single or tandem shmiR that targets an mCherry reporter mRNA was placed within the eGFP fusion transcript and expressed in Drosophila S2 cells (24) . When coexpressed with mCherry, each of these constructs produced complete and consistent knockdown of red fluorescence without diminishing the green fluorescence produced from the eGFP reporter gene (Fig. 3B) . Moreover, it is sometimes desirable to knock down more than one gene from a single RNAi expression vector to assess combinatorial gene function (25) . By linking shmiRs that target unique mRNAs (mCherry and firefly luciferase), we were able to induce potent and coincident knockdown of both genes using a single tandem-intronic shmiR construct (Fig. 3 C and D) .
In mammalian systems, it has been shown that intronic premiRNA hairpins are excised before splicing (21, 22 ). This precise order of processing is essential for intron-based RNAi to be useful for genome-wide screens. For example, it is possible that siRNA sequences could introduce a fortuitous splice-acceptor site within the shmiR hairpin. This could compromise expression of siRNAs if the intron is spliced before miRNA processing. To address this potential caveat, we introduced two strong splice acceptors (from the ftz and w genes) in the context of an intronic shmiR, expressed these constructs in S2 cells, and tested for proper splicing of the transcripts by RT-PCR. All transcripts were spliced properly, whether they contained intronic shmiRs with or without splice-acceptor sites, confirming that intronic miRNAs are generally processed before splicing in Drosophila (Fig. S6) . Therefore, it does not seem that ectopic splice sites influence intron-mediated shmiR processing and expression. Fig. 1 . Basepairing of nucleotides 2-16 between an siRNA and its target ORF can induce significant gene silencing in a Drosophila S2 cell-culture assay. A single firefly luciferase-targeting shmiR was mutated to express siRNAs harboring combinations of 3′ and 5′ mismatches with the target gene from the perspective of the siRNA (antisense or guide strand). These siRNAs were coexpressed along with firefly and Renilla luciferase in an 8:1 ratio of shmiR:luciferase plasmids. Knockdown efficiency was assayed in relation to a nonspecific control (Drosophila miR-1 expression plasmid). All siRNA sequences in relation to the target mRNA site are shown in Fig. S1 .
Throughout the course of these experiments, we noted that expression transcripts containing a 5′ ftz intron produced consistently brighter reporter fluorescence than their intron-less counterparts. Whereas introns have been known to enhance associated transcript expression in many systems, including Drosophila, a native Drosophila intron that boosts gene expression has not yet been described (26) (27) (28) . To see whether the 5′ ftz intron was indeed affecting expression of a reporter gene, we fused the ftz intron-with or without single and tandem shmiRs -5′ of Renilla luciferase in the pAct5c expression vector. Using a quantitative dual-luciferase assay, we found that the ftz intron provided a reproducible, ≥50-fold increase in reporter expression (Fig. 4) . Inclusion of shmiRs within the ftz intron led to a further, albeit modest, increase in expression, with tandem hairpins boosting expression more than single hairpins. We discuss this result in more detail below.
To assess the efficiency of intronic shmiR constructs for gene silencing in transgenic flies, we again used the GAL4-UAS expression system. We adapted the pattB-UAST vector to express the 5′ ftz intron-eGFP transcript from a GAL4-inducible Hsp70 promoter. Here, a dpp shmiR was processed from a 5′ ftz intron within the eGFP reporter gene after selective transcription in wing discs (A9-GAL4 driver). Overall, the wing phenotypes obtained with an intron-derived dpp shmiR were found to be comparable with those obtained with optimal dsRNAs but slightly less efficient than the same dpp shmiR expressed from its own transcript (Fig. 5A Left) . It is possible that the ftz intron augments the stability of the GFP mature mRNA without increasing the 
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A non-specific shmiR Fig. 2 . As few as 16 contiguous base pairs formed between an siRNA and target gene can induce dose-dependent and sequence-specific phenotypes in transgenic flies. Ectopic expression of dpp-targeting, UAS-responsive knockdown constructs was performed using the A9-GAL4 (ubiquitous wing) driver line at 25°C. All shmiR constructs were inserted into the 86Fb (third chromosome landing site), first described by Bischof et al. (10) , and the dpp dsRNA was expressed from the attP2 landing site (8, 10) . For each dpp shmiR condition, the siRNA is shown in blue, whereas the target region is in red. Superscript bases represent mismatched sequence between the siRNA and target site. A modest defect in L4 wing vein patterning is denoted by the black arrowhead (lower right panel).
rate of pre-mRNA synthesis and augmenting siRNA biogenesis (Discussion). Nonetheless, the use of the ftz intron improves the coexpression of siRNAs and GFP (or derivatives) so that it is roughly comparable with previously described shmiR-alone expression vectors.
To assay for proper expression of the intron-fused reporter transgene, we compared the level of green fluorescence generated by a UAS-ftz intron-eGFP (with dpp shmiR) line with a publicly available UAS-eGFP stock. A9-GAL4-driven expression of these transgenes in Drosophila salivary glands revealed that the intronfused construct produced brighter fluorescence (Fig. 5A Right) . This suggests that eGFP fluorescence is not reduced when the reporter and intronic shmiR are expressed from the same transgene, although the eGFP control gene is inserted at a different region of the genome. Nonetheless, fluorescence was sufficiently intense to visualize expression of a Notch shmiR in the wing margin-a thin row of cells-using a dissecting microscope without removing larvae from their vials (Fig. 5B Right) (expression performed using the C96-GAL4 driver). The Notch shmiR produces a robust mutant phenotype (Fig. 5B ) that is distinct from those produced by dpp shmiRs (Fig. 5A ).
Discussion
Minimizing nonspecific or off-target effects is increasingly important with the expanding use of RNAi-based genetic screens. Although several recent studies have investigated sequence-specific and nonspecific RNAi activities in cultured cells, it is difficult to relate this information to transgenic animals. To address this issue, we have developed a sensitive, transgenic Drosophila assay to determine the minimal sequence complementarity required to induce RNAi-specific phenotypes in a live animal model. As few as 16 contiguous base pairs (positions 2-17 of 21 possible base pairs) between an siRNA and target RNA are sufficient to induce sequence-specific silencing in both cultured cells and transgenic flies. Moreover, an siRNA with only 17 contiguous nucleotides of homology with its target RNA was just as efficient as an optimal dsRNA, which is the standard method for inducing RNAi in Drosophila.
Interestingly, siRNAs directed against different regions of a target RNA might have different sequence requirements for efficient silencing. For example, we observed potent silencing of the luciferase mRNA with a siRNA containing as few as 15 nucleotides of contiguous homology. In contrast, a second siRNA directed against a different region of the same target required 17 nucleotides of homology for efficient silencing. This suggests that additional parameters remain to be identified (intrinsic efficiency of an siRNA sequence, transcript secondary structure, etc.) to predict the full activities of a given siRNA. Off-target effects associated with <19 nt of homology have been noted in previous studies, but these effects were thought to be outside the range of statistical significance (5) . The results presented in this study suggest that there can be meaningful cross-reactivity of siRNAs, with unknown-targets RNAs containing 16-18 nt of contiguous homology. Therefore, any siRNA with contiguous pairing between nucleotides 2 and 17 should be avoided for RNAi-based experiments with stringent specificity requirements. Although our study focused on siRNA pairing to the coding region of target mRNAs, partial complementarity of siRNAs with 3′ UTRs can also produce unintended gene silencing (2, 4). Significant attenuation in gene expression can be obtained by the pairing of seed residues (nucleotides 2-8) in mammalian cell culture (4). It is currently unknown whether this also occurs in Drosophila cell culture or transgenic flies. However, it should be noted that small RNAs that enter either the miRNA or RNAi pathways in flies (through Ago1 and Ago2, respectively) can repress translation when bound to a target 3′ UTR (29) .
Drosophila has become a workhorse for genome-wide RNAibased genetic screens. Therefore, it is desirable to optimize the methods for producing RNAi-induced phenotypes. To that end, we have developed an intron-based system to coexpress defined siRNAs and a reporter gene from a single transcript. This system provides the ability to label only those cells producing RNAi, akin to marking clones for mosaic analyses (30) . Furthermore, the ftz intron-based siRNA expression method seems to be at least as efficient as existing dsRNA knockdown systems in transgenic Drosophila.
The intron-based expression system is versatile, in that it enables simultaneous silencing of multiple target genes and visualization with any reporter gene such as eGFP or mCherry (31) . Also, this system may find additional use for controlling RNAi specificity or gene replacement. It should be possible to coexpress an siRNA against an endogenous gene, along with a cDNA or BAC, that is refractory to the siRNA. Furthermore, enhanced reporter gene expression was observed when its transcript contained a 5′ ftz intron in cell-culture assays. Although 5′ intron positioning has been shown to stimulate gene expression in various organisms-a phenomenon termed intron-mediated enhancement (IME)-this is evidence of an endogenous intron that enhances gene expression in Drosophila (28, 32) . To our surprise, this reporter expression was boosted further when the intron contained a processed shmiR, suggesting a link between intronic-miRNA processing and stabilization of the premRNA for subsequent splicing.
Although the ftz intron was able to augment expression of GFP in S2 cells, the intron did not enhance siRNA-mediated disruption of dpp+ activity in transgenic wings. Indeed, the same shmiR sequence is slightly more potent when expressed from its own transcript compared with expression from the ftz intron vector (compare Figs. 4 and 5 ). This effect may be caused by differences in miRNA processing or loading when comparing the two types of shmiR-harboring transcripts. Also, the expression cassette of the ftz-intron reporter construct produces a transcript ∼3-fold longer than the shmiR-alone transcript. Thus, more of the shmiR-alone primary transcript can be produced per unit of time compared Fig. 2 , an intronic dpp shmiR was expressed from a UAS-responsive, 5′ ftz intron-eGFP fusion transgene (inserted into the 86Fb landing site) using the A9-GAL4 driver line. Expression of this construct induces the wing phenotypes shown on Left. At Right, green fluorescence in third instar larvae expressing UAS-eGFP alone or the dpp shmiR from a 5′ ftz introneGFP fusion transgene is compared. The A9-GAL4 driver promotes transgene expression in larval salivary glands (marked by white arrowheads). (B) Similar to A, a Notch-targeting shmiR (N shmiR ) was expressed from within a 5′ ftz intron fused to eGFP using the wing margin-specific, C96-GAL4;UAS-dcr2 driver, which will also express extra copies of the Drosophila dcr2 gene. The expression domain of the C96 driver is false-colored (green) on top of a wild-type fly wing. Efficient knockdown of Notch with the N shmiR is shown at Left (notching of wing margin). The developing wing of a 48-to 72-h-old pupa expressing the 5′ ftz-N shmiR -eGFP transgene was photographed through the side of a clear plastic vial using a fluorescent dissecting microscope. eGFP expression in the wing margin (crescent shape) is marked by the white arrowhead.
with the ftz-intron reporter variant. Nonetheless, the efficacy of gene silencing is similar with the shmiR-alone expression vector and the linked vector containing the ftz intron and GFP coding sequence. Thus, the ftz intron permits the use of GFP for marking cells without seriously compromising the efficiency of siRNAmediated silencing.
The basic mechanisms underlying IME are not completely known (32), although introns have been shown to augment gene expression by stabilizing mRNAs and increasing translation (33, 34) . That is, introns seem to boost the amount of mature mRNA, but it is unclear whether shmiR biogenesis is also augmented because of increases in premRNA expression. The ftz-intron expression vector might provide a useful platform to examine IME and further improve gene-silencing methodologies. Such methods might also take advantage of recently developed quantitative reporter assays (35) .
Materials and Methods
shmiR Design and Cloning. All shmiRs were designed as described (15) . The 71-nt DNA oligonucleotides (oligos) used for shmiR cloning were designed using a web-based program (flybuzz.berkeley.edu/cgi-bin/constructhairpin.cgi) and were synthesized by Integrated DNA Technologies (www.idtdna.com). Oligos designated with HB or NE were ligated into the pHB vector or pattB-NE3 vectors, respectively. Oligo sequences for each construct are provided in SI Text and Tables S1-S4.
The Drosophila miR-1 locus was PCR cloned from yw genomic DNA using the primers described in SI Text. All PCR cloning was performed using the Expand High Fidelity PCR system (Roche) and the pCR2.1-TOPO TA cloning system (Invitrogen).
Intron-Mediated shmiR Expression Design and Cloning. Briefly, reporter genes [eGFP, mCherry, or Renilla luciferase (RLTK)] were PCR cloned using primer sequences provided in SI Text. Reporters were placed into either the pAc5.1-B (Invitrogen) or pattB-UAST cell culture or transgenic expression vectors, respectively (10). Next, regions spanning the Drosophila ftz or tomosyn (housing miR-970) introns were cloned in two parts to allow for inclusion of an intronlocalized KpnI/XhoI multiple cloning site. This cloning site is optimized for directional insertion of shmiRs originating from either the pNE3 or pattB-NE3 vectors described in ref. 15 . The tomosyn intron was cloned to exclude the premiR-970 hairpin from the final construct. These modified introns were placed upstream (5′) of the reporter gene in each base vector, creating the pAc5.1/pattB-ftz in /tomo in -eGFP/mCherry vector collection. Complete sequence data for the intron + reporter cassettes are available by request.
S2 Cell-Culture and Transient Transfection Assays. General protocols for S2 cell transfection have been described previously (15) . All constructs were cloned into pAc5.1-B. Assays were performed in 24-well plates. Specifically, for shmiR excess conditions, 400 ng shmiR expression plasmid were transfected along with 50 ng GL3 and 50 ng RLTK Luciferase (Promega) expression plasmids (8:1 shmiR to target ratio). For target excess conditions, 400 ng of GL3 expression plasmid were transfected along with 50 ng shmiR and 50 ng RLTK expression plasmids (8:1 target to shmiR ratio). Cells were collected 48 h after transfection, and luminescence was measured in a 20/20 Glomax luminometer (Promega) with a Dual Luciferase Assay kit (Promega).
Fly Genetics. The dsRNA-dpp (Valium10-based; #25782), C96-GAL4;UAS-Dcr2 (#25757), and UAS-eGFP (#5430) fly stocks were obtained from the Bloomington Stock Center (8) . All dpp shmiR fly stocks were generated by BestGene Inc. using standard methods. Specifically, all ϕC31-based expression vectors were integrated into the 86FB site on chromosome III (#24749; Bloomington Stock Center) (10) . At least three independent lines were generated for each construct. For wing knockdown assays, males of the dsRNA or shmiR expression stocks were crossed to virgin A9-GAL4 females (#8716; Bloomington Stock Center). Crosses for each construct were set up in parallel, and the flies were raised at 25°C in a temperature-controlled incubator. Male and female progeny were collected 2 or 3 d after hatching. Wings were dissected and mounted as described (15) .
Northern blot analysis was performed using third instar larvae as described (15) . Probe sequences are described in SI Text.
